INTRODUCTION
Adiponectin is an exclusive product of adipocytes. It augments insulin sensitivity and, in general, exerts a multitude of beneficial metabolic actions. 1 Several factors affect the levels of circulating adiponectin, 2 including obesity, in which plasma adiponectin levels are downregulated. 3, 4 Weight loss can induce metabolic changes, including the plasma levels of adipokines. 5 With regard to the impact of weight loss on the levels of circulating adiponectin, there is considerable discrepancy in the literature. Specifically, some studies have demonstrated a rise of adiponectin levels during dietary interventions, [6] [7] [8] [9] [10] [11] [12] [13] whereas others could not confirm such changes. [14] [15] [16] [17] [18] [19] [20] Therefore, changes in circulating adiponectin during dietary interventions may not be due to the weight loss per se but may represent a secondary phenomenon. The present study aimed to investigate the diet-induced changes of circulating adiponectin.
Adiponectin concentration in the blood has been found to be positively correlated with serum levels of high density lipoprotein cholesterol (HDL-C), independently of body mass index (BMI) and indices of insulin resistance, in a steady metabolic state. 21 Notably, a previously published study has demonstrated that high density lipoprotein (HDL) may increase the expression of adiponectin in adipose tissue, 22 indicating that changes in the circulating HDL may affect the expression of adiponectin and its secretion into the blood stream. However, there are few studies showing an association between the change in circulating adiponectin and changes in HDL-C during interventions that alter HDL-C levels, such as dietary 4, 14 and fibrate 23 treatment. Moreover, these studies referred only to total adiponectin and not to high molecular weight (HMW) adiponectin, which is the most biologically active fraction of adiponectin. 1 Furthermore, no reports exist on the relationship between changes in circulating adiponectin and HDL-C levels during brief short dietary interventions. This issue is of major significance since weight loss regiments result in an initial suppression of HDL-C followed by a subsequent elevation of its levels. 24 The current study therefore attempted to elucidate whether HDL-C is the main determinant of plasma total adiponectin and HMW adiponectin levels, in a steady metabolic state and during short-term and medium-term interventions that change HDL-C, such as dietary and fenofibrate treatment. Another aim of the present study was to examine whether changes of circulating total adiponectin and HMW adiponectin correlate with changes in the BMI.
maTeRIals aND meTHODs

Subjects
In the present study, 37 subjects (20 males and 17 females), aged 18-79, were recruited. Inclusion criteria were: BMI ≥27 Kg/m 2 and hypertriglyceridemia (Triglycerides (TRG) ≥150 mg/ dL). Exclusion criteria were: age less than 18 years old, kidney disease, liver disease and any endocrine disorder other than obesity or Type 2 diabetes mellitus, as well as change of body weight (BW) at more than 5% of the initial BW during the last 3 months and taking any of the following drugs within 3 weeks before the start of the study: hypolipidemic agents, antidiabetics, drugs for weight loss.
Methodology
Participants were randomly assigned to 2 schedules of medical intervention: 1) Hypocaloric low-fat diet (n=19), 2) Hypocaloric low-fat diet with the concomitant oral administration of micronised fenofibrate (200 mg per day) (n=18). Informed consent was obtained from all patients and the study was approved by the Ethics Committee of the University Hospital of Ioannina. All participants completed 4-day diet records at baseline, after 1 month and after 3 months of treatment. The treatment groups did not differ in their nutrient intake at baseline. A dietician calculated each patient's basal energy requirements and activity level and prescribed an individualized low-fat diet designed to bring about a 500 to 1000 kcal reduction in daily energy intake. The administered diets consisted of a mean of (mean±SD) 1471±382 kcal/day. The daily distribution of nutrients during the study was as follows: carbohydrates 52.4±3.5%, fat 27.8±2.6% (monounsaturated 15.4±1.7%, polyunsaturated 7.3±1.2% and saturated fatty acids 5.1±1.0%) and protein 19.8±1.2%. There were no differences in diet composition between the study groups. By the end of the 3-month period, the patients were consuming significantly fewer carbohydrates and saturated fatty acids as well as more monounsaturated fatty acids were measured by enzymatic methods using the BioMerieux reagents, as previously described. 25 Serum apolipoprotein A-I (ApoA-I) was measured with a Behring Holding GmbH analyzer (Liederbach, Germany). The intra-assay CV was 0.72-0.91 % for TC, 0.61-0.85 % for HDL-C and 2.7-3.4 % for ApoA-I. The inter-assay CV was 1.05-1.45 % for TC, 1.32-1.92 % for HDL-C and 3.1-3.4 % for ApoA-I. Serum glucose concentration was measured via the enzymatic method and serum insulin was measured by radioimmunoassay. The homeostasis model assessment insulin resistance-index (HOMA-index), as a measure of insulin resistance, was calculated as [fasting insulin (μU/mL)] × [fasting glucose (mmol/L)]/22.5.
All statistical analyses were performed using the SPSS 16.0 statistical package for Windows (SPSS Inc., 1989 . A Kolmogorov-Smirnov test was employed to verify the use of tests for normal distributed parameters. Normally distributed data are expressed as means ± SD. Parameters with skewed distribution are reported as median (range). Repeated measures analysis of variance (Repeated ANOVA), independent-samples t test, Pearson's correlation analysis and multiple linear regression analysis were performed for normally distributed parameters, while the Friedman test and Spearman's correlation analysis were performed for non-normally distributed parameters. A two-tailed p value <0.05 was considered significant.
ResUlTs
Baseline
The anthropometric and biochemical characteristics, at baseline, in the total of 38 patients are shown in Table 1 . At baseline, plasma total adiponectin levels were positively correlated with HDL-C (r=0.375, p=0.022), ApoA-I (r=0.522, p=0.001) and age (r=0.417, p=0.010) and tended to be negatively associated with HOMA-index (r=-0.319, p=0.062). Similarly, circulating HMW adiponectin was positively correlated with HDL-C (r=0.351, p=0.033), ApoA-I (r=0.524, p=0.001) and age (r=0.350, p=0.034) and negatively correlated with HOMA-index (r=-0.371, p=0.028). BMI did not correlate with circulating total adiponectin nor with HMW adiponectin. When ApoA-I, HOMA-index and age were chosen as independent and n-3 polyunsaturated fatty acids compared with their baseline diet.
Plasma total adiponectin and HMW adiponectin were determined using the adiponectin multimeric enzyme immunoassay (ALPCO DIAGNOSTICS, Salem, NH, USA). To measure total adiponectin, samples were pretreated with Sample Pretreatment Buffer (Citrate buffer + SDS) which reduced multimeric adiponectin to dimmers. Subsequent measurement via ELISA quantified the amount of all multimers of adiponectin in the sample. To measure HMW adiponectin, samples were pretreated with Protease II, which selectively digested low molecular weight (LMW) adiponectin and mid-molecular weight (MMW) adiponectin. The remaining HMW fraction was treated with Sample Pretreatment Buffer which reduced these multimers to dimmers while also stopping the protease digestion. Subsequent measurement via ELISA quantified the amount of reduced HMW adiponectin but did not detect the digested LMW and MMW adiponectin.
In this ELISA, an antibody "sandwich" was utilized for detection of adiponectin. The microplate wells had been coated with an anti-human adiponectin monoclonal antibody and adiponectin in the standards and pretreated samples was captured during the first incubation. Washing removed all unbound material and a biotin-conjugated anti-human adiponectin monoclonal antibody bound to the immobilized adiponectin in the wells. After the second incubation and subsequent wash, step horseradish peroxidase (HRP)-labeled streptavidin was added. Following a third incubation and subsequent wash step, Ophenylenediamine (OPD) was added as substrate and the colorimetric reaction was terminated with the addition of diluted H2SO4. A dose response curve of absorbance unit (optical density at 450 nm) vs. concentration was generated using the values obtained from standard. Adiponectin present in the patient samples was determined directly from this curve. The intra-assay coefficient of variation (CV) was 5.4% for total adiponectin and 5% for HMW adiponectin. The inter-assay CV was 5% for total adiponectin and 5.7% for HMW adiponectin. The HMW-to-total adiponectin ratio was calculated as the ratio of HMW adiponectin to total adiponectin. Total serum cholesterol (TC), HDL-C and TRG variables in multiple linear regression analysis, only ApoA-I (β=0.424 and p=0.019) was found to be a significant predictor of circulating HMW adiponectin (R 2 =0.326 and p=0.006 for the model).
Dietary intervention
The characteristics of the subjects who followed the dietary treatment are shown in Table 2 . The BMI decreased progressively over the 3 months of diet. Circulating total adiponectin and HMW adiponectin and HMW-to-total adiponectin ratio did not change significantly during diet (Figure 1 ). In the subgroup of patients whose HDL-C decreased over the first month of diet (n=13), a decrease in circulating total adiponectin was found (p=0.010). In the subgroup of patients whose HDL-C did not decrease over the later 2 months of diet (n=8), there was found an increase in circulating total adiponectin over the 2 months (p=0.043) (data not shown).
The percentage change of circulating total adiponectin during the first month of diet was positively correlated with the percentage change of HDL-C (r=0.579, p=0.019) and ApoA-I (r=0.565, p=0.023) (Figure 2 ). The percentage change of circulating HMW adiponectin over the first month of diet was positively correlated with the percentage change of ApoA-I (r=0.541, p=0.030) (Figure 2 ). The change in circulating total adiponectin over the first month of diet was positively correlated with the HDL-C (r=0.606, p=0.013) and ApoA-I at 1 month (r=0.538, p=0.032) (Figure 2) . No significant association between the percentage change of BMI over the first month of diet and the percentage changes of total adiponectin and HMW adiponectin was found.
Additionally, the percentage change of circulating total adiponectin over the 3 months of diet was positively correlated with the percentage change of HDL-C (r=0.527, p=0.030) (Figure 3 ) and tended to be negatively correlated with the percentage change of BMI (r=-0.428, p=0.086). Moreover, the percent- age change of HMW adiponectin over the 3 months of diet was positively correlated with the percentage changes of HDL-C (r=0.524, p=0.031) and ApoA-I (r=0.517, p=0.034) (Figure 3 ). The change in HMW adiponectin over the 3 months of diet was positively correlated with the HDL-C at 3 months (r=0.602, p=0.011) (Figure 3 ).
Fenofibrate treatment
The characteristics of the subjects who followed the fenofibrate treatment are shown in Table 3 . Circulating total adiponectin, HMW adiponectin and HMW-to-total adiponectin ratio did not change significantly during fenofibrate treatment (Figure 1) . The percentage change of HDL-C over the first month of fenofibrate treatment was positively correlated with the percentage changes of circulating HMW adiponectin (r=0.594, p=0.012) and HMW-to-total adiponectin ratio (r=0.505, p=0.039). Moreover, the ratio (change of total adiponectin over the first month/ HDL-C at 1 month) did not differ significantly between dietary and fenofibrate treatment. A similar result was found regarding HMW adiponectin.
DIsCUssION
The findings of the present study showed that, at baseline, in the whole study population, circulating total adiponectin and HMW adiponectin correlated with HDL-C, ApoA-I and HOMA-index and not with BMI. Indeed, the correlation coefficient between adiponectin levels and BMI was approximately zero. The current study included subjects with increased BMI. It has consistently been shown that the inverse relationship between circulating total adiponectin and BMI is present only in nonobese subjects, whereas this association is absent in obese patients. 4 Moreover, multiple regression analysis revealed that the best predictor of HMW adiponectin was ApoA-I. These findings raise the possibility that the ApoA-Icontaining lipoprotein HDL is the major determinant of circulating total adiponectin and HMW adiponectin, at least in a steady metabolic state.
Ιn the current study, fairly uniform associations were found between the percentage change of HDL-C and the percentage changes of circulating total adiponectin and HMW adiponectin, in both dietary and fenofibrate treatment groups. Moreover, these associations were present during the first month of the dietary regiment as well as during the 3 months. The studies showing an association between the change in circulating adiponectin and the change in HDL-C during dietary 4, 14 and fenofibrate 23 treatment applied only to total adiponectin and not to HMW adiponectin, which is the most biologically active fraction of adiponectin. 1 Further, there has been as yet no investigation as to whether the association between the diet-induced change in HDL-C and the change in circulating adiponectin is present during short-term weight loss, as has however been undertaken in the present study. This issue is of major importance since weight loss treatment has different effects on HDL-C, causing a decrease in HDL-C during short-term diets and an increase in HDL-C during long-term diets. 24 Notably, in the current study, although BMI decreased over the first month of diet, the percentage change of circulating total adiponectin and HMW adiponectin did not correlate significantly with the percentage change of BMI. No other studies have demonstrated that the association between the diet-induced changes of circulating adiponectin and HDL-C exists, even in the absence of association between the changes in circulating adiponectin and BMI. This finding raises the possibility that the association between adiponectin and HDL is independent of BMI. It has previously consistently been reported that the association between the diet-induced change in HDL-C and circulating total adiponectin is independent of the change in BMI during a dietary treatment of 6-12 months. 4 Similarly, in the present study the percentage changes of total adiponectin and HMW adiponectin over the 3 months of diet correlated with the percentage change of HDL-C, whereas the associations with the percentage change of BMI were marginally nonsignificant and were noted only for total adiponectin and not for HMW adiponectin.
It is also of note that in the present study, although circulating total adiponectin did not change significantly in the whole study population during diet, a change in circulating total adiponectin was found only in the subgroup of patients whose HDL-C changed. This finding may explain the fact that in some studies, diet did not cause significant change in circulating adiponectin, indicating that circulating adiponectin may not be influenced by weight loss per se and is possibly affected by the changes in HDL-C. Moreover, in the current study the HDL-C at any time point of the dietary intervention was strongly associated with the relevant changes in circulating total adiponectin and HMW adiponectin from baseline. This is the first time such an association has been reported, indicating that the value of HDL-C influences the change rate of circulating total adiponectin and HMW adiponectin. Specifically, the diet-induced change in circulating adiponectin has so far been associated only with the change in HDL-C 14 and not with the value of HDL-C. In this respect, HDL-C appears to be linked with the metabolic pathway which is responsible for the diet-induced changes in circulating total adiponectin and HMW adiponectin. Even more importantly, the ratio (change of total adiponectin or HMW adiponectin over the first month/HDL-C at 1 month) did not differ between dietary and fenofibrate treatment. Thus, the magnitude of impact of HDL on circulating total adiponectin and HMW adiponectin appears to be similar between dietary and fenofibrate treatment, implying that the changes in adiponectin are caused by HDL per se, independently of the ap- 22 Moreover, this study reported that ApoA-I gene transfer in mice resulted in an increase in HDL-C, which was paralleled by an increase in plasma adiponectin levels and adiponectin expression in abdominal fat. HDL-C therefore appears to be a causal factor of the changes in total adiponectin and HMW adiponectin rather than a factor that solely reflects the metabolism of adiponectin. In this context, given the well-known association of circulating adiponectin with various cardiometabolic parameters, adiponectin may constitute the mediator of some of the cardiometabolic actions of HDL. It has consistently been reported that the association between circulating adiponectin and coronary heart disease is attenuated after adjustment for HDL-C. 26 Furthermore, it has been shown that reconstituted HDL reduces plasma glucose in patients with type 2 diabetes mellitus by increasing plasma insulin and activating AMP-activated protein kinase in skeletal muscle. 27 It is well known that the insulin sensitizing effects of adiponectin are mediated via the activation of AMP-activated protein kinase in skeletal muscle. 1 Therefore, adiponectin may constitute the mediator of the insulin sensitizing effects of HDL.
The concept of the HDL-induced changes in circulating adiponectin can adequately explain the diet-induced changes in circulating adiponectin which have been reported so far. Specifically, it is well known that HDL-C decreases during periods of active weight loss, whereas HDL-C increases during periods of stabilized weight loss compared to baseline values. 24 Based on this point of view, weight loss studies lasting no more than 6 weeks (mostly active weight loss periods) reported a decrease in HDL-C, whereas weight loss studies lasting for longer periods (mostly stabilized weight loss periods) showed an increase in HDL-C. 24 Regarding the impact of diet on circulating adiponectin, long-term diets (lasting at least 5 months) induce an increase in circulating adiponectin, 6-13 diets of very short duration (lasting no more than 1 month) cause a decrease in circulating adiponectin 20 and diets of intermediate duration did not have any significant impact on circulating adiponectin. [14] [15] [16] [17] [18] [19] Therefore, the decrease in HDL-C during short-term diets may induce the decrease in circulating adiponectin, whereas the increase in HDL-C during long-term diets possibly provokes the increase in circulating adiponectin. Additionally, it has been shown that exercise can increase circulating adiponectin without any significant change in BMI. 28, 29 A plausible explanation for this phenomenon is that the exercise-induced increase in HDL-C may cause the increase in plasma adiponectin levels.
In conclusion, HDL-C is positively correlated with circulating total adiponectin and HMW adiponectin in a steady metabolic state as well as during medical interventions that affect HDL-C, such as dietary and fibrate treatment. This regulation appears to exist independently of any change of the BMI. In this respect, adiponectin may constitute the mediator of some of the beneficial cardiometabolic actions of HDL. Further studies are needed in more diverse populations and with various treatments to support the abovementioned results.
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